We previously identified Peg1/Mest as a novel paternally expressed gene in the developing mouse embryo. The human PEG1 gene was recently assigned to 7q32 and shown to be imprinted and paternally expressed. Therefore, PEG1 deficiency could participate in the aetiology of pre-and post-natal growth retardation associated with maternal uniparental disomy 7 in humans. We have now initiated the characterization of the Peg1 locus in order to identify and dissect cis-acting elements implicated in its imprinted monoallelic expression. The genomic structure of Peg1 as well as the DNA sequence of the 5′-end of the gene, including 2.4 kb of promoter sequences and covering the first 2 exons, have been determined. Important sequence elements, such as a CpG island spanning exon 1 and direct repeats, are identified and discussed. To address the role of epigenetic modifications in the imprinting of Peg1, a methylation analysis of the Peg1 gene is presented. Partially methylated cytosine residues in 13.5 d.p.c. embryos and undifferentiated ES cells were identified. Using embryos carrying a targetted mutation at the Peg1 locus, we show that this partial promoter methylation pattern reflects a strict parent-of-origin-specific differential methylation: the expressed paternal allele is unmethylated, whereas the silenced maternal allele is fully methylated at the CpG sites studied. That the gametes carry the epigenetic information necessary to lay down this allele-specific methylation pattern is suggested by analysis of DNA isolated from sperm and parthenogenetic embryos.
INTRODUCTION
The mammalian genome is now known to contain a number of genes subjected to an unusual transcriptional regulatory mechanism directing expression of a single allele based on its parental origin and coordinate silencing of the other allele. The molecular mechanism of this epigenetic phenomenon, termed genomic imprinting, is currently under investigation, the scope of which will be increased by identification of new imprinted genes in the mouse and in humans (1) . Appropriate expression of imprinted genes is essential for normal development in the mouse and imprinting defects are associated with developmental abnormalities and carcinogenesis in human (2, 3) . Identification and characterization of putative cis-acting imprinting elements responsible for parental-specific monoallelic expression of these genes is currently an active area of research.
Based on the available data, it is difficult to explain the functional or evolutionary pressure leading to imprinting of specific genes and why a particular gene should be maternally as opposed to paternally expressed. However, the increasing list of imprinted genes being characterized helped to reveal intriguing structural similarities conserved amongst these monoallelically expressed/silenced genes (1, 4, 5) . First, it was noted that imprinted genes tend to comprise compact transcriptional units with smaller introns (6, 7) . Second, modification of CpG residues within imprinted loci by DNA methylation has been extensively studied and the emerging picture suggests that imprinted genes are often associated with characteristic parental-specific methylation patterns: a 5′ CpG-rich region covering or close to the first exon is exclusively methylated on the silenced allele, whereas downstream CpG sites, located 3′ of the transcription start site within the transcribed sequences, are often methylated on the expressed allele (1, 4) . For example, in the mouse the maternally expressed genes H19 (8, 9) and Igf2/Mpr (10) as well as the paternally expressed gene U2afbp-rs (11) all contain a CpG island which is specifically methylated on the silenced allele only, and an intronic region is methylated on the expressed allele of Igf2/Mpr (10) . Several lines of evidence suggest that the sequences carrying these differential methylation patterns are important in the initial marking and subsequent expression of imprinted genes (12, 13) .
Using a general screen for paternally expressed genes by cDNA subtraction between normal and parthenogenetic mouse embryos, we previously reported the characterization of Peg1 The size of each exon and intron (expressed in bp) was determined from DNA sequence data for the locus, except for introns 2 and 6 (asterisk), the sizes of which were estimated from restriction analyses of clone pPeg1A. Also shown are the position of each exon on the published Peg1/Mest cDNA sequence as well as the structure of the 5′ and 3′ splice junctions for each intron. Exon sequences are shown in capital letters.
cDNA, the first known imprinted gene expressed from mouse proximal chromosome 6 (14) . Genetic studies using chromosomal translocations showed that this domain is subjected to parent-of-origin effects, with maternal uniparental disomy for proximal 6 leading to early embryonic lethality (15) . Peg1 was independently isolated and named Mest, based on its predominant mesoderm-specific embryonic expression pattern (16) . Recently, the human PEG1 homologue was mapped to 7q32 and analysis of cysts and moles enriched in cells of uniparental origin suggested that the human gene is also imprinted, with the paternal allele being expressed (17) . This result is particularly interesting in the light of the correlation between maternal uniparental disomy for chromosome 7 (or only 7q) and cases of short stature and intrauterine growth retardation, suggesting that a paternally expressed imprinted gene, such as PEG1, is involved in the aetiology of these conditions (18) (19) (20) (21) . The function of Peg1 is still unknown, although the predicted Peg1 open reading frame codes for a polypeptide showing sequence similarity with the α/β-hydrolase fold, a structural motif conserved in several enzymes hydrolysing various substrates (14) .
In this study we present a first characterization of the mouse Peg1 locus, including the full gene structure and DNA sequence of the 5′-portion of the gene. We identified a CpG island covering exon 1 of Peg1 and showed that this element is partially methylated in post-implantation embryos. Using a mutant Peg1 allele integrated by gene targetting into ES cells we show that this region of the locus is differentially methylated, with the expressed paternal allele unmethylated and the silenced maternal allele fully methylated. Analysis of DNA isolated from sperm and parthenogenetic embryos suggests that the gametes carry or can direct this differential methylation pattern.
RESULTS
Using a Peg1 genomic probe obtained by PCR with two primers designed from the Peg1 cDNA sequence (probe 4, Fig. 1A ) we isolated and mapped by restriction enzyme digestions two overlapping clones from a mouse 129/Sv genomic library constructed in the λKO vector (22) . These clones overlap by ∼2.5 kb to form a contig covering a genomic region of 17.4 kb and containing the complete Peg1 gene, as determined from the published sequence of the 2543 nt Peg1/Mest cDNA (GenBank accession no. D16262; 16). Figure 1A shows a schematic representation of the Peg1 locus with a restriction map determined from the two genomic clones pPeg1A and pPeg1C.
Structure and mapping of the Peg1 locus
Sequencing primers were designed from the Peg1 cDNA sequence and used on the two genomic clones to determine the exon-intron structure of the Peg1 gene (Fig. 1A) . The transcribed sequence is divided into 12 exons, with the last exon containing >55% of the cDNA sequence (1406 bases, including 1288 bases of 3′-untranslated sequence). Based on this genomic organization, the primary Peg1 transcript is predicted to be at least 10.4 kb in length. The conserved 1005 bp Peg1 open reading frame (16) spans the 12 exons identified, with translation initiating within exon 1 (ATG at cDNA position 248) and terminating in exon 12 (TAA at cDNA position 1253). Figure 1B presents a detailed account of the exon-intron structure of the Peg1 gene as determined from our analysis, with the DNA sequences at the splice junctions between coding and intervening sequences and their respective sizes. All the introns analysed show the consensus 5′ donor and 3′ acceptor sequences GT...AG.
The 5′-portion of Peg1 contains a CpG island
We determined the DNA sequence of a 5.4 kb genomic fragment covering the promoter region of the Peg1 gene, from the XbaI site at map position 4.28 (Fig. 1A) , and the 5′-portion of the gene, up to a BglII site following exon 2 ( Fig. 3A ; GenBank accession no. AF017994). Analysis of the DNA sequence revealed two interesting features with regard to potential cis-acting elements involved in the imprinted expression of Peg1. First, a G-rich intronic sequence of 122 bp was identified 87 bp 5′ of the beginning of exon 2 (arrowhead, Fig. 1A ). This sequence element is comprised of 24 tandem repeats of the consensus pentamer unit 5′-(A/T)GGGG-3′, including 14 perfect copies (eight copies of 5′-AGGGG-3′ and six copies of 5′-TGGGG-3′) and eight copies with a single mismatch when compared with the consensus repeat unit. No other significant repetitive structure was identified within this genomic segment.
Second, a region of 550 bp comprising 157 bp of 5′ flanking sequences, exon 1 and 120 bp of intron 1 was identified as being a CpG island (nt 510-1059, Fig. 2 ). This DNA segment exhibits a high G+C content (69.5 %) and a high frequency of CpG dinucleotides (CpG observed/expected = 0.83), parameters which are well within the proposed definition for a CpG island (23) . As a consequence of this primary structure, this region of the Peg1 gene is particularly rich in recognition sites for methylationsensitive restriction enzymes, such as SacII, BssHII and HpaII (Fig. 3A) . It also contains four Sp1 sites (GC box, GGGCGG) and a TATA-like AT-rich element at position -41 relative to the transcription start site (Fig. 2B) . The 3′ boundary of this CpG island, located within intron 1 (position 1059, Fig. 2A) , is defined by a region showing a lower G+C content. However, the frequency of CpG dinucleotides remains elevated well beyond this boundary, such that a larger GC-rich sequence (nt 510-1544, Fig. 2A ), extending further into intron 1, still exhibits a high GC content (58.8 %) and a high CpG frequency (obs/exp = 0.84). Only the smaller element, revealed by the analysis presented in Figure 2 , will be referred to as the Peg1 CpG island below.
Partial methylation of the CpG island in post-implantation embryos
The epigenetic modification of DNA by methylation of cytosine residues currently represents an important candidate if not for the gametic imprint itself, at least for maintenance of the differential transcriptional activity of the alleles of imprinted genes. In the light of the DNA sequence analysis presented above, we determined whether the CpG island of the Peg1 gene carries a parental-specific methylation pattern in expressing tissues. To address this question we first studied the methylation status of different CpG residues, using methylation-sensitive restriction enzymes, in DNA isolated from C57BL/6 embryos collected at 13.5 d.p.c. This material was chosen since it was previously shown that: (i) Peg1 is transcribed at high levels in post-implantation embryos following gastrulation (14, 16) ; (ii) only the paternal allele is expressed during embryonic development (14; L.Lefebvre, unpublished data).
More than 2.4 kb of Peg1 promoter sequences, exon 1 and part of intron 1 are present on a 3.0 kb XbaI fragment of the Peg1 gene (Fig. 3A) . This fragment spans the CpG island identified above and also contains recognition sites for the methylation-sensitive restriction enzymes BssHII (two sites), XhoI, SmaI and SacII (two sites). A Southern blot analysis of this region, using probe 2 ( Fig.  1A) , shows that several CpG residues in the 5′-end of Peg1 are partially methylated in 13.5 d.p.c. embryos (Fig. 3B) . The distal XhoI site is the only one which appears to be hypomethylated in this sample (Fig. 3B , lane X), with a very low level of residual methylation. However, the most distal BssHII site (B 1 ) is too close to the XbaI site to allow accurate determination of its methylation status (see below). On the other hand, the exonic BssHII site (B 2 ) is clearly partially methylated, as shown by the fully protected 3.0 kb and the unmethylated 2.5 kb bands (Fig. 3B,  lane B) . Digestion with SacII (lane S) gives a protected band of 3.0 kb, as well as a lower molecular weight band (2.17 kb) corresponding to the fully digested product (Fig. 3B, lane S) . The 3.0 kb XbaI fragment contains two recognition sites for SacII. Since we do not detect the fragments predicted from digestion at only one of these two sites (only at S 1 , 2.17 + 0.87 kb; only at S 2 , 2.55 kb), we conclude that the two SacII sites are partially methylated, but are always both methylated or both unmethylated on the same DNA molecule. Analysis of the single SmaI site (Sm 1 ) also shows a clear partial methylation pattern, with both the full-length (methylated) and digested (unmethylated) patterns being detected (Fig. 3B , lane Sm).
As mentioned above, the CpG-rich region of Peg1 extends downstream of the intronic XbaI site (position 1278 on the plot in Fig. 2A ). To analyse the methylation status of CpG residues present in this 5′-portion of intron 1 we studied five methylationsensitive restriction sites, a single SmaI site (Sm 2 ) and four HpaII/MspI sites, within a 1.5 kb EcoRI fragment using probe 3.
These five sites are also partially methylated in our embryonic DNA sample. Following SmaI digestion both a protected 1.5 kb band and a digested 1.3 kb product are detected (Fig. 3C , lane Sm). Since probe 3 hybridizes to the 1.3 kb region common to both digestion products, the fact that both SmaI fragments give a signal of similar intensity suggests that close to 50% of the DNA molecules are methylated at this site. Similarly, for the HpaII sites, one of which overlaps with the SmaI site, both a 1.5 kb methylated band and smaller digestion products are detected (Fig.  3C , lane Hp). That the small fragments correspond to digestion at unmethylated sites is shown by the pattern seen following digestion with the HpaII isoschizomer MspI, which is methylation insensitive (Fig. 3C, lane M) . As for the two SacII sites, since we only detect a fully protected 1.5 kb fragment and products of complete (MspI-like) digestion, but no intermediate size bands, the four HpaII sites studied are either all methylated or all unmethylated on a given DNA molecule.
In order to establish if the partial methylation pattern observed around the CpG island extends to the entire Peg1 locus, we studied the methylation status of two other sites mapped in Figure  1A : a XhoI site in the distal promoter region (probe 1) and a XhoI site within exon 8 (probe 5). The results show that whereas the promoter-distal XhoI site is partially methylated (with a low residual methylation comparable with that of the downstream XhoI site; Fig. 3B ), the 3′ exonic XhoI site is fully unmethylated (Fig. 3D, probes 1 and 5 respectively) . This observation suggests that CpG residues located more than 2.0 kb upstream of the transcription start site of Peg1 do not show a strict parentalspecific methylation pattern. Therefore, we focused our analysis on the more proximal sites. Figure 3E shows that undifferentiated ES cells present a Peg1 promoter methylation profile indistinguishable from that seen in 13.5 d.p.c. embryos, described above. Whereas the SmaI, BssHII (B 2 ) and SacII (S 1 and S 2 ) sites are partially methylated, the distal XhoI site is hypomethylated. In this particular analysis a faint 2.6 kb band seen upon BssHII digestion suggests that a small proportion of the DNA molecules unmethylated at the downstream site (site B 2 , 2.5 kb band) are also methylated at the distal site B 1 . Although the analysis on DNA from 13.5 d.p.c. embryos presented above did not allow observation of this partial methylation at site B 1 , a similar result was obtained during analysis of polymorphic embryonic material (see below), suggesting that this pattern is not unique to ES cell DNA.
Partial methylation precedes
Peg1 activation Peg1 transcripts are first detected in mesodermal derivatives of 7.0 d.p.c. post-gastrulation embryos (16). To determine whether the partial methylation patterns detected in 13.5 d.p.c. embryos are already present at a developmental time point preceding activation of Peg1, we studied the methylation status of the CpG island in DNA isolated from undifferentiated embryonic stem (ES) cells. These cells are derived from the inner cell mass (ICM) of blastocyst stage embryos (4.0 d.p.c.) and retain the developmental potential of ICM cells after culture in vitro. The analysis presented in
Parental-specific methylation of the Peg1 promoter region
To address whether the partial methylation patterns described above reflect a parental-specific marking of the two Peg1 alleles, we took advantage of a HindIII polymorphism introduced at the Peg1 locus by gene targetting in ES cells. The details of the construction and analysis of this mutant allele will be described elsewhere (L.Lefebvre and M.A.Surani, manuscript in preparation). The structural features of the wild-type (wt) and mutant (knock-out, KO) alleles relevant to this study are presented in Figure 4A . Whereas in both alleles the promoter region and CpG island remain intact, in the mutant allele the body of the gene is disrupted by a reporter construct (IRES-βgeo) inserted within intron 2. As a consequence of this rearrangement a new HindIII site, absent in the wild-type allele, is inserted 1.4 kb downstream of exon 2, such that the CpG island of the wild-type and mutant alleles are present on HindIII fragments of 13.2 and 10.6 kb respectively. Therefore, this HindIII polymorphism allows us to distinguish between the two alleles by Southern blot analysis and to establish the methylation status of each allele independently in heterozygotes.
Genomic DNA was isolated from 13.5 d.p.c. embryos which were homozygous wild-type at the Peg1 locus (+/+) or heterozygous with the mutant allele inherited maternally (-/+) or paternally (+/-). Using probes 2 and 3 the methylation status of the promoter region in these DNA samples was analysed by Southern analysis, as described above. In the heterozygous embryos the silenced maternal allele of Peg1 is fully methylated in the CpG island and the expressed paternal allele is unmethylated ( Fig. 4B and C ). This conclusion is most readily appreciated by focusing on the full-length HindIII fragments generated for each allele in heterozygotes. Whereas a single 13.2 kb band is detected in +/+ embryos, an additional fragment of 10.6 kb corresponding to the mutant allele is seen in both -/+ and +/-heterozygotes ( Fig. 4B and C, lanes marked -) . Upon secondary digestion with any of the methylation-sensitive enzymes studied (SacII, BssHII and SmaI) only one of these two fragments is unprotected and digested in the heterozygotes: the paternal wild-type 13.2 kb band in -/+ embryos or the paternal mutant 10.6 kb band in +/-embryos. In itself, this result does not preclude the possibility that the silenced maternal allele is partially unmethylated and weakly digested in our samples. However, analysis of the smaller digestion products generated clearly shows that digestion of the maternal allele is never observed (see below).
Analysis with probe 2 (Fig. 4B) confirms the strict parentalspecific methylation at several sites studied, except perhaps the upstream BssHII site (B 1 ). In the three samples (+/+, -/+, and +/-) digestion with SacII gives a 6.2 kb band corresponding to the promoter H-S 1 fragment. This confirms hypomethylation of the paternal S 1 site (lanes S). The methylation status of site S 2 is unclear, since probe 2 hybridizes only weakly to the S 2 -H fragment (for example, a faint 4.0 kb band in the +/-sample, lane S). Digestion with BssHII gives a 2.5 kb band in all samples, which corresponds to the promoter B 1 -B 2 fragment (lanes B). Here again, probe 2 hybridizes only weakly to the downstream fragment B 2 -H (6.6 kb for the wt allele in +/+ and -/+ samples; 3.9 kb for the KO allele in +/-DNA). However, the presence of a faint 6.6 kb band in all samples (H-B 2 promoter fragment, clearer in the +/+ sample) is consistent with the presence of a weak level of methylation at the promoter-distal site B 1 on an otherwise hypomethylated paternal allele. The alternative interpretation suggesting that the maternal allele might be weakly unmethylated at site B 2 is ruled out below. Analysis with SmaI gives the expected 4.9 and 2.4 kb bands (H-Sm 1 and Sm 1 -Sm 2 fragments respectively) showing full digestion of the paternal allele and hypomethylation of the two paternally inherited SmaI sites (lanes Sm).
The possibility that the maternally inherited CpG island might be weakly unmethylated was addressed using probe 3, which hybridizes within intron 1 downstream of site Sm 2 (Fig. 4A) . Both the wild-type (+/+) and maternal mutant (-/+) embryos show identical patterns, with unmethylated hybridizing bands at 6.6 kb for SacII and BssHII (wt S 2 -H and B 2 -H fragments respectively) and at 5.9 kb for SmaI (wt Sm 2 -H fragment). The smaller fragments expected from digestion of the KO allele (mutant S 2 -H, B 2 -H and Sm 2 -H fragments) are only seen when the mutant allele is paternally inherited (+/-embryos). These correspond to the 4.0 kb band seen for SacII and BssHII and the 3.3 kb band for SmaI (Fig. 4C, +/-embryo) . These results confirm that the maternally inherited Peg1 allele is fully methylated and protected from digestion at the CpG island sites S 2 , B 2 and Sm 2 and, from the results presented in the previous section, at sites S 1 and Sm 1 .
As shown in Figure 4A , the mutant allele also introduces a new SmaI site (Sm 3 ), 440 bp upstream of the polymorphic HindIII site (L.Lefebvre, unpublished data). Digestion at this site is expected to produce a 2.9 kb Sm 2 -Sm 3 fragment hybridizing with probe 3 on the unmethylated paternal allele. Since both the 3.3 kb Sm 2 -H fragment and the 2.9 kb Sm 2 -Sm 3 fragment are detected upon paternal transmission of the mutant allele (Fig. 4C , +/-embryo, lane Sm), we conclude that this newly introduced site does not exhibit the strict parental-specific methylation observed for the endogenous sites studied here within the CpG island.
Gametic signals: sperm and parthenogenetic embryos
Since the results presented so far are consistent with a role for DNA methylation not only in the maintenance of allele-specific silencing, but also in the marking or pre-programming of the two Peg1 alleles, we asked whether the mature gametes carry or can independently direct the expected parental methylation of Peg1. Genomic DNA was isolated from sperm collected from the epididymus of adult C57BL/6J males and subjected to the same methylation analysis as described in Figure 3 using promoter probe 2. The four sites studied (Sm 1 , S 1 , S 2 and B 2 ) are completely unmethylated in sperm DNA, a result consistent with the inheritance of a potentially active paternal allele (Fig. 5A) . In order to assess the potential of the maternally inherited Peg1 allele present in unfertilized oocytes to independently generate the methylation pattern observed in ES cells and embryos we studied the methylation status of the Peg1 promoter region in mid-gestation parthenogenetic embryos. These embryos were obtained from unfertilized (C57BL/6J × CBA)F 1 eggs activated in vitro by treatment with ethanol and transferred to pseudopregnant females. Consequently, these embryos develop in the absence of a paternal contribution and reflect the developmental potential of the maternal genome. Our analysis shows that the same promoter sites are all fully methylated in 9.5 d.p.c. parthenogenetic embryos, a pattern reciprocal to that observed in sperm DNA (Fig. 5B) . However, the methylation status of the Peg1 gene in oocytes is still unknown and our results do not exclude the possibility that the observed methylation of the maternal alleles has been acquired during development of the parthenogenetic embryos. Together, these results show that whereas the paternally inherited Peg1 allele is unmethylated and pre-programmed for expression, the maternally inherited genome carries epigenetic information necessary to lay down the extensive methylation observed on the silenced allele in the absence of a paternal contribution.
DISCUSSION
Peg1 mRNA, which may code for an enzyme of the α/β-hydrolase fold family (14) , is expressed predominantly in mesodermal derivatives during embryogenesis and only from the paternally inherited allele (14, 16) . It is the first imprinted gene to be identified on mouse proximal chromosome 6, a region associated with embryonic lethality in maternal uniparental disomy (15) . We have initiated characterization of the Peg1 gene and identified structural and epigenetic features shared between Peg1 and other known imprinted genes. Figure 3B using probe 2 was repeated on genomic DNA isolated from sperm (A) or 9.5 d.p.c. parthenogenetic embryos (B). The primary digestion was with XbaI. Abbreviations are as described in Figure 3 . Molecular weights are given in kilobases.
Gene structure
A statistical analysis of 16 imprinted genes from mouse and man revealed that, as a group, they have fewer exons (6.5 versus 12.01 on average) and a much smaller average intron size (729 versus 2396 bp) when compared with a control set of genes (6), even when intronless, candidate retroposons such as U2afbp-rs, Mas and Znf-127 are not included in the analysis (7, 24) . Peg1, which is not evolutionarily related to any of the genes included in the previous analysis (6, 24) , consists of 12 exons, with an average exon size of 212 bp for the 2543 nt cDNA. These parameters are very similar to those previously obtained for the control set of genes (6) and support the view that imprinted genes may not contain fewer introns, contrary to the initial proposition (7, 24) . On the other hand, the total intronic DNA of Peg1 is very small (∼7.9 kb), with an average intron size of ∼720 bp, which agrees well with the average obtained for other imprinted genes (729 ± 220 bp), supporting the conclusion that imprinted genes may have been selected for a smaller intronic content (6) .
Tandem repeats
A 122 bp region located downstream of the CpG island of Peg1, within intron 1 (Fig. 3A) , consists of several repeats of the G-rich consensus pentamer 5′-(A/T)GGGG-3′. Several imprinted mouse and human genes, including Igf2r, IGF2R, Igf2, U2afbp-rs and SNRPN were found to contain direct repeats within differentially methylated CpG-rich regions (25) . Elements rich in tandem repeats were also identified at the imprinted loci Kip2 (26) and H19 (27) . The consensus repeat unit present in the upstream region of H19 [5′-(G)GGGGTATA-3′] shows a G-rich motif reminiscent of that identified here at Peg1 and can also be described as interspersed repetitions of the consensus pentamers 5′-(A/T)GGGG-3′ and 5′-ATAGC-3′. Similarly, the Xist cDNA, which is paternally expressed in extra-embryonic tissues, contains a 182 bp sequence consisting of multiple copies of a 6 bp repeat unit, which on the antisense strand is 5′-(A/T)GGGGC-3′ (28) .
The RSVIgmyc transgene imprints in a position-independent fashion (29) . The region required for its methylation imprinting lies in the IgA Cα and Sα fragment of the construct. In their endogenous location these sequences do not confer methylation or expression imprinting (29) , but mediate DNA rearrangements associated with immunoglobulin class switching. The switch sequences are composed of simple repetitions of pentameric unit sequences, such as 5′-TGAGC-3′ and 5′-TGGGG-3′, which is similar to the Peg1 repeat unit (30) . Although a small fragment of RSVIgmyc containing these repeats (206 bp) was shown to be required for methylation imprinting of the transgene, a larger construct fails to imprint a lacZ reporter and extensive repetitive arrays (several kb) fail to imprint the endogenous locus (29, 30) . These results emphasize the importance of the context these elements find themselves in and possibly the requirement for coordinate action of neighbouring sequence elements. Interestingly, all the deletion variants of the RSVIgmyc transgene which do show parental-specific methylation contain not only part of the repetitive Cα or Sα sequences, but also CG-rich fragments of pBR322 or c-myc (29) . It should be noted that in the mutant Peg1 allele used in our study, which was shown to exhibit a clear parental-specific methylation pattern, the repeat sequences present 5′ of exon 2 have not been deleted (Fig. 4A ).
Parental-specific methylation
Peg1 contains a typical CpG island of 550 bp (Fig. 2) . However, unlike the CpG islands of normal, biallelically expressed genes (23, 31) , the CpG island of Peg1 is unmethylated exclusively on the expressed paternal allele, but fully methylated on the silenced maternal allele. We found that the region of Peg1 showing parental-specific methylation extends >1 kb upstream of the CpG island, to include the SmaI site Sm 1 (Fig. 3A) , and at least 880 bp downstream of it, to include the HpaII site located 1 kb into intron 1, therefore covering ∼2.4 kb of genomic DNA. This differential methylation is restricted to the 5′-end of the gene, since we showed that the XhoI site within exon 8 is unmethylated on both alleles. This finding is somewhat unexpected, since CpG dinucleotides found outside CpG islands are usually methylated in the mouse genome. As proposed previously to explain the survival of CpGs outside islands (31) , this particular site may have been maintained because of its role in the Peg1 coding region. Indeed, deamination of a 5-methylcytosine present within this XhoI site could lead to a C→T transition, mutating the Arg215 codon CGA to the stop codon TGA.
Since CpG islands are usually fully unmethylated for normal autosomal genes, even in non-expressing tissues, it seems that monoallelically expressed genes, including autosomal imprinted genes and X-linked genes in females, belong to a special class of genes which utilize extensive CpG island methylation as an allele-specific silencing mechanism. The finding of a CpG island showing parental-specific methylation at a new imprinted locus suggests that this common feature of imprinted genes is functionally important for maintenance of their characteristic monoallelic expression. Several independent lines of evidence support this conclusion. First, analyses of the maternally expressed H19 gene have shown that the CpG island and several other 3′ and 5′ CpGs are specifically methylated on the silenced paternal allele (8, 27, 32) . In mutant embryos deficient for DNA methyltransferase both alleles of H19 are unmethylated and expressed (33) . Second, small deletions removing a differentially methylated CpG island at the human SNRPN locus alter both the methylation and parental-specific expression of several transcriptional units within a 200 kb region (12) .
Together with our study, these results support the notion that differential methylation of CpG islands is utilized at imprinted loci to maintain their parent-of-origin-specific expression. The question of whether or not these same CpG residues actually play a direct role in gametic marking of the two alleles of imprinted genes has received considerable attention. Definitive experimental evidence supporting a role for CpG methylation as the primary imprint is still lacking, but analyses of imprinted genes such as H19 and Igf2r have identified specific CpG residues which are differentially methylated in the gametes and throughout embryogenesis (10, 27) . The candidate sites for the primary imprint lie outside the differentially methylated CpG island. Identification of differentially methylated sites 5′ and 3′ of the Peg1 CpG island raise the possibility that this feature may also be conserved at this imprinted locus. The role of these sites, as well as the intronic repeats, can now be directly addressed by transgenic and/or gene replacement approaches.
MATERIALS AND METHODS

Isolation and characterization of the Peg1 locus
A 686 bp Peg1 genomic fragment (probe 4, Fig. 1A ) was generated by PCR amplification of DBA mouse genomic DNA using two oligonucleotide primers designed from the Peg1 cDNA sequence (cDNA nt 427-446, 5′-AGATTCTGTCGGTGTGGT-CG-3′; nt 693-673, 5′-CCTGCTGTCTCACGATTTGG-3′). This fragment was used as a probe to screen a genomic library in the vector λKO, containing size-selected Sau3A fragments (16-20 kb) of genomic DNA isolated from 129/Sv ES cells (22) . After two rounds of screening, four positive clones were identified, excised as plasmid clones (pPeg1A-pPeg1D) in vivo by infection of the cre recombinase-expressing Escherichia coli strain BNN132 (34) and analysed by restriction enzyme digestions. Clones B and D both contained inserts present within clone A and were not analysed further. The clones pPeg1A (8.70 kb insert) and pPeg1C (11.15 kb insert) clearly contained sequences homologous to probe 4 and showed evidence of overlap, based on their respective EcoRI restriction maps (Fig. 1A) .
Sequencing reactions were performed on double-stranded plasmid DNA templates, first with primers designed from the Peg1 cDNA sequence, then with oligonucleotides complementary to intronic sequences on clones pPeg1A and pPeg1C or on specific subclones derived from them. For the promoter region several overlapping templates were obtained by subcloning the 3.0 kb XbaI fragment of pPeg1C containing exon 1 and generating deletion variants by restriction enzyme digestions.
Embryos and ES cells
Post-implantation embryos (13.5 d.p.c.) were obtained from natural matings between C57BL/6J mice. Undifferentiated R1 ES cells, isolated from 129/Sv blastocysts (35) , were cultured in standard ES cell medium supplemented with LIF in the absence of feeder cells. The derivation and analysis of mutant ES cells and embryos carrying a targeted mutation at the Peg1 locus will be described elsewhere. In the mutant allele of Peg1 the genomic sequence from the EcoRI site in intron 2 to the middle of exon 9 (see Fig. 1A ) has been replaced with an IRES-βgeo cassette (36) , while the flanking sequences remain unchanged (see Fig. 4A ). The targeted allele was originally derived on the 129/Sv inbred background, whereas the mutant embryos recovered for the methylation analysis were obtained as F 2 progeny from an intercross between F 1 heterozygotes on the C57BL/6J × 129/Sv mixed background. Parthenogenetic embryos were obtained by ethanol activation of unfertilized (C57BL/6J × CBA/Ca)F 1 oocytes as described (37) and recovered on day 9.5 of gestation after uterine transfer to pseudopregnant females (14) .
Methylation analysis
Genomic DNA from ES cells and embryos was purified as follows. Cells or embryos were treated for 16 h with proteinase K solution (500 µg/ml) in DNA lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM EDTA, 0.5% SDS) at 65_C. The crude lysates were cleared of cellular debris by centrifugation for 5 min at 12 000 r.p.m. and extracted with phenol and phenol:chloroform (1:1) solutions. The genomic DNA was recovered by precipitation with 95% ethanol in 0.3 M sodium acetate, pH 6.0, washed with 70% ethanol and resuspended in TE, pH 8.0. Mature sperm was collected from the epididymus of adult C57BL/6 males and sperm DNA was isolated essentially as described above, except that 5 mM β-mercaptoethanol was added to the lysis buffer. Digestions of 5-10 µg genomic DNA were carried out in two consecutive reactions of 12-16 h each, first with the primary restriction enzyme (XbaI, EcoRI or HindIII) and second with the methylation-sensitive enzymes. Southern blotting was performed by alkaline transfer onto Hybond N + (Amersham). DNA fragments used as probes are shown in Figure 1A , below the map of the Peg1 locus. Probe 1 is a 1.3 kb XbaI-XhoI fragment isolated from the genomic clone pPeg1C. Probe 2 is the 3.0 kb XbaI fragment isolated from pPeg1C and was used for all the analyses of the promoter region. Probe 3 was generated by PCR amplification of a 1.3 kb region of intron 1, using two sequencing primers (5′-GTGTTGGCCACGGCTATAAG-3′ and 5′-CAAG-TCTTGGGAGCAGATTA-3′) directly on pPeg1C DNA. Probe 5 is a 0.98 kb XhoI-XbaI fragment isolated from the genomic clone pPeg1A and containing exons 9 and 10. These DNA probes were labelled randomly by incorporation of [ 32 P]dCTP using High Prime (Boehringer Mannheim). Hybridizations were performed at 65_C in Church's buffer (38) and washes at 65_C in 0.5% SDS, 2× SSC, then 0.2× SSC.
